In this work, aluminum-doped zinc oxide (AZO) thin films were deposited by DC sputtering on a glass substrate at a typical sputtering power. It was observed that the AZO structure changes on the ZnO crystalline structure. The measurement of the transparency spectrum on the AZO films shows an optical bandgap about 4.3 eV, which the Al doping into ZnO structure pronounced width localized states by Urbach energy that was 0.42 eV. Moreover, the experimental results on the electrical properties of AZO/Au thin film were evaluated at different temperatures by four-point probe. Also, a simulation analysis on the electrical parameters of the Schottky Au/AZO junction has been done. Our calculation is based on the thermionic emission theory, in which by fitting the numerical results with the experimental current-voltage measurements, the barrier height, ideality factor and saturation current have been obtained. Our result confirmed excellent rectifying characteristics. The extracted result may be useful in designing nanoelectronic devices.
Introduction
During recent years, the interesting features such as wide bandgap at room temperature, the exciton binding energy of about 60 meV, transparency property, and n-type semiconductor for the zinc oxide (ZnO) thin films have attracted much attention due to the possibility of its application in thermoelectric devices, gas sensors, transparent electrodes, dye-sensitized solar cells, and piezoelectric devices [1] . ZnO films are useful for the transparent conductive layer applications in the LEDs, flat-panel displays (FPD), and solar cells due to its high-transmittance properties in the visible region and good electrical conductivity [2] . For reducing the resistivity and improving the electrical properties, ZnO is doped by trivalent metal cations (Group III elements: B, Al, and Ga) [3] . Such transparent and conducting thin films are very good candidate for application as transparent conducting electrodes in displays, solar cells, surface acoustic wave-based device applications, etc. Al dopant between all n-type dopants in ZnO, because of its easy availability, low cost, ease of doping and superior properties, is suitable [4] .
One of the important parameters in deposition of thin films is the controlled annealing temperature. The annealing temperature plays a key role in electrical properties, which can affect the morphological structures and the hopping quantities [5] . For example, Pathirane et al. [6] in 2017 investigated the effect of annealing temperature on the efficacy of the AZO/Ag nanowire junction, both structurally and electrically. In another work, Dalouji et al. [7] studied the electrical conductivity of C-Ni composite films annealed at a temperature range of 300-800 °C, whose nanoparticle size and Ni concentration could be strongly affected by the annealing temperature.
Among the various methods of intrinsic and doped ZnO film growth, the reactive magnetron sputtering method is one of the most suitable growth methods [8] . We have used this method to produce the aluminum-doped zinc oxide (AZO) or Al:ZnO layers [3, 4] . The result showed the amorphous behavior in which its structure has been modified to crystalline post-annealing. In another work, Roy et al. [9] deposited n-type ZnO on a Si substrate by chemical deposition technique by which the average crystallite size of the film was evaluated to be about 50 nm. They also obtained an optical 1 3 bandgap of about 3.44 eV using the optical absorption spectroscopy. Moreover, they tested Pd-Ag/n-ZnO Schottky junction, and the junction characteristics were meticulously studied in the presence of nitrogen and methane. The Schottky barrier height of the junction was calculated theoretically. It is important to note that the contact of AZO/Au has not been investigated theoretically and experimentally, which can be used in solar cells. This had been reported in the Ag nanowire electrode on AZO by Pathirane et al. [6] .
In the present work, we have deposited AZO thin film on the glass substrate and then structural and optical properties were recognized, after that Au was coated on film for measuring the dependence of electrical behavior of AZO/ Au structures by FPP. Our result provided that the optical properties were similar to that in the current investigation [3, 4] . Moreover, we have investigated the properties of the Ag/ Cu/Cu 2 O and Cu 2 O/AZO junctions, separately. Their structural, electrical, and morphological properties have been characterized and we have also determined the Cu 2 O/AZO heterojunction diode properties [4] . The result showed a low turn-on voltage of about 0.64 V, which indicates that the heterojunction acts as a rectifier diode [9] . Thus, the result of experiment and theory is quantitatively compared at high temperature because the voltage of the film is measured at 10 V. We obtain good agreement between the experiment and theory for the temperature-dependent resistivity of the film.
The rest of the paper is as follows. In "Materials and methods", we explain the experimental results on deposition details for thin films and characterization of the structure and different properties of the films. To compare with the experimental results, we have shown a theoretical method to compute the electrical and structural properties which are presented for Au/AZO thin films on the glass substrate in "Results and discussion", where the temperature dependence of AZO/Au structure has been discussed. The last section of the paper is devoted to the conclusion of our findings.
Materials and methods

Experimental details
Aluminum-doped zinc oxide (AZO) thin films have been fabricated by DC-magnetron sputtering on glass substrates with thickness of 1 mm. The sputtering target was made from zinc, aluminum metals of 99.99% purity. The Zn 90%, Al 10% (weight ratios) metals for AZO and Zn 90%, Al 5% were melted using a furnace and then cooled at room temperature in air. Before depositing the films, the surface of the target surface was cleaned by pre-sputtering under the film deposition conditions for 10 min. Glass substrates (10 mm × 20 mm square) were cleaned by ultrasonic waves in acetone and alcohol. The films were grown at room temperature in a deposition chamber evacuated to a base pressure 7 × 10 −5 torr using rotary and turbo pumps, and working gas pressure was fixed at 1 × 10 −2 torr. The best condition for deposition of AZO thin films was DC power regime of 60 W with the sputtering time of 45 min ( Fig. 1) .
The thicknesses of the films were measured by a DEK-TAK3 profile meter. X-ray diffraction (XRD) was performed on STOE-XRD diffractometer using Cu-K α line (λ = 0.15406 nm) in the range of 10-90°. The compositional depth profile was studied by Rutherford backscattering spectrometry (RBS) using a 2.0 MeV He + ion beam. The recorded RBS spectra were processed by the SIMNRA simulation computer program [10] . The DC electrical conductivity was measured by cooling samples in a continuous He flow in cryogenic units (optical low-temperature model CCS 450 USA) in a thermostatic chamber in the temperature range of 15-520 K. ORTEC (456, USA, 0-3 kV) highvoltage-power supply, Metrix VX102A (FRANCE) and Keithley 196 system DMM (USA) electrometers at a temperature range of 15-500 K were used for voltage and current measurements, accordingly.
Theoretical details
The leakage current of our measurement system was a few microamperes during the temperature-dependent current-voltage measurements. Accordingly, we focused our attention on the temperature-dependent current-voltage measurements under the positive applied voltage regime for extraction of the barrier height. There are several possible conduction mechanisms along with their characteristic temperature dependence and applied voltage dependence of the transport properties such as the current density. One of these mechanisms is the thermionic emission, which has been extensively studied in the context of metal tunnel junctions and semiconductor devices. From the experimental results presented in this work, i.e., the current-voltage characteristic and their temperature dependence, we can simulate the injection of charge carries by the thermionic emission conduction mechanism. In this mechanism, we assume that the current density flows across the barrier and is dependent on the barrier height only [11, 12] .
Based on the thermionic emission theory, the equation describing the injection current density across the Schottky contact at the absolute temperature T and the applied voltage V a is obtained as [11, 13] where k B is the Boltzmann constant, B and Δ are the potential barrier height between the metal and semiconductor and the Schottky barrier lowering, respectively. The lowering of the Schottky potential barrier occurs due to the image charge lowering effect; the relationship between the electrical field and Schottky potential barrier lowering is expressed as:
where e, d and s are the electric charge, the barrier width and the permittivity of the semiconductor, respectively. We may recall B = B − Δ as the effective Schottky barrier height at zero bias, which is a function of the electric field in the semiconductor through the barrier lowering effect and their surface states. In Eq. (1), A * =
is the Richardson constant, which is proportional to the effective mass of electron in the semiconductor ( m * ) and otherwise contains only the electron charge (e) and the Planck's constant (h). The considered conduction mechanism takes place when the effective potential barrier becomes relatively small and the electrons are excited over it. This process is a coherence mechanism and has a temperature dependence and applied voltage dependence. From the viewpoint of thermionic emission theory, the equation describing the temperaturedependent current-voltage measurements [see Eq. (1)] can be rewritten in the pass direction across the Schottky contact as:
Here, n, A c and R s are an ideality factor, the contact area and the series resistance, respectively. From this equation, we can determine the Schottky contact parameters such as the barrier height, the ideality factor and the saturation current. According to this expression, one can conclude that the change of ln(J th ∕T
2 ) as a function of 1/T yields a straight line from which the effective height of the barrier can be calculated from the slope of the line. On the other hand, the applied voltage dependence of the thermionic current density can be calculated
via the relation of ln(J th ) ∼ V 1∕2 a at low bias. For the ohmic contacts, the characteristic of electrical property is the specific contact resistance, c , which is defined as the inverse of the derivative of current density with respect to the voltage evaluated at zero bias, namely This equation can be also rewritten as c = lim
where R c is the total contact resistance.
Results and discussion
Structural and optical analysis
XRD pattern of AZO on glass substrates show three weak peaks appearing at 31.7, 34.0, and 36.0° related to (100), (002) and (101) planes, respectively, of ZnO in its hexagonal structure with a little shift to lower degrees which can be assigned to Al in this structure according to the JPDS card No. [0075-080-01] [9, 10] , which indicates the existence of aluminum in the segregation boundaries and increase of the oxygen capture content by the Al 3+ ions compared to Zn 2+ with a larger atomic charge, and the tension or strain resulting from it will cause the (002) plane to move toward the lower degrees [14] . To calculate the average size of the crystalline domains of deposited films, we used the Debye-Scherrer equation as follows [15, 16] :
where λ stands for the X-ray wavelength in nm, β is the line broadening at half the maximum intensity (FWHM), and is the angle at which the most intense peak occurred (called also the Bragg angle). The result of XRD spectrum of the ZnO thin film on the Au-coated silicon substrate has been plotted in Fig. 2 .
The main factor of stress in thin films is the difference in thermal expansion between the substrate and the layer. Therefore, the stress is caused by temperature variations in the thin film or substrate due to their different thermal expansions. The strain, , and the stress, , in a thin film are calculated according to the following equations [17] :
= c film − c bulk c bulk ,
Here, c bulk and c film are the lattice constant without strain, in the bulk and layer situation. The parameters extracted from Fig. 2 for the AZO thin film are shown in Table 1 .
To investigate the structure properties of the AZO thin film, we have studied the Rutherford backscattering spectrometry (RBS) spectrum, which is shown in Fig. 3 . The spectrum determines the contents of elements Zn, Al, and O in the sample. On the other hand, the RBS spectrometry confirms the XRD analysis of AZO thin film for the presence of Al in this thin film.
Moreover, we have studied the optical properties of the AZO thin film. For this purpose, the transmittance and reflectance spectra of AZO thin film have been shown in Fig. 4 . The curves show nearly 90% transmittance in the AZO film, which is a transparent material. Moreover, we have shown the absorption coefficient ( ) of the considered thin film in Fig. 5 . To calculate the absorption coefficient, we have used the following relation [18] :
In Eqs. (1, 3) , T and d are the transmittance and film thickness, respectively.
The dependency of absorption coefficient values ( ) on photon energy determines optical bandgap, E g , via Tauc's relation [19] , where A depends on the transition probability. Here, h is the photon energy and m is an index of optical absorption characterization process which is theoretically equal to 2 and 1/2 for the allowed indirect and direct transitions, respectively. Figure 6 shows the Tauc's plot of √ ( )h versus hν which results in E g . The bandgap energy (E g ) of the AZO thin film, calculated from the √ ( )h − h characteristics of the devices, yielded value from 3.2 eV, which is similar to values reported in the literature [15] .
The absorption coefficient at the photon energy below the optical gap (tail absorption) depends exponentially on the photon energy, where E u is called Urbach energy which is represented in Fig. 7 . The absorption edge, called the Urbach energy, depends on temperature, lattice thermal vibrations, induced disorder, static disorder, strong ionic bonds, and average photon energies [20] , which were interpreted as the
transition between the extended states in one band of the absorption. Log α versus hν has been plotted in Fig. 7 , which has been resulted in the values of E u = 0.4 eV by least square fitting. The analysis of imperial measurements in nanocontacts helps to understand their functional role in the test surface [21] .
Electrical analysis
In this section, we discuss about the electrical properties of the considered junction, theoretically. For this purpose, at first, the current feature has been plotted as a function of the applied voltage at temperature T = 300 K, in Fig. 8 , when d AZO = 150nm . It is seen that the current varies linearly at low voltage, whereas, with increasing applied voltage, the effective width of the barrier becomes narrower and a nearly parabolic dependence of current on the voltage appears, which indicates the Schottky nature [22] . The ohmic behavior of Au/AZO junction is same as In/Zn electrodes on AZO , [24] , and its value is obtained as 10.
Typical experimental and theoretical special contact resistance characteristics of the Schottky junction are plotted in Fig. 9 . This indicates that the resistivity is composed mainly of tunneling current passing through the Schottky barrier [11] . By comparing the experimental and simulation results, the effective barrier height of the Au Schottky barrier yields B = 0.39 eV , which is similar to values reported in Ref. [25] . Also, the series resistance, R s , is obtained as 110 Ω. The probability difference of our result with the some other reported on the Au/ZnO interface may be due to the trap of the charge carrier at the substrate during the first stage of the electrodeposition process where some charge carrier could be captured at the interface between Au substrate and the ZnO buffer layer. As it is observed from the figure, the best fit of the experimental and theoretical data is in more than 410 K temperature. The reason is related to the used theoretical model in which current flow mechanism dominates based on the diffusion and thermionic emission currents [26] . These currents depend on the density of the available charge carriers in the interface of metal-semiconductor junction and its value is evaluated from the Maxwell-Boltzmann probability distribution function at high temperature. According to the thermionic emission theory, Fig. 7 The presentation of the function, Ln α as a function of the photon energy, h . This curve can define the Urbach tail, Tauc and defect regions for AZO thin film the presented form of temperature dependence of current and also special contact resistance [i.e., Eqs. (3) and (4) ] are compatible at high temperature. While at low temperature, the quantum-mechanical tunneling process through the Schottky barrier between metal-semiconductor junctions dominates, and the current flow mechanism is based on the Fermi-Dirac distribution function.
Conclusions
The AZO thin films were prepared by reactive DC-magnetron sputtering method, in oxygen/argon gases, at 150 nm thickness. XRD pattern of AZO thin film has shown that (100), (002) and (101) planes of ZnO structure had some shifts to lower angles and the RBS analysis has proved the existence of Al in the film. Transmittance spectra have identified the nature of the transparency of AZO film. Optical bandgap and Urbach energy of AZO film are calculated. Also, the electrical behavior of AZO/Au structure and the temperature-dependent resistivity are compared with theoretical result that indicated Au contact at different temperatures exactly complied tunneling current passing through the Schottky barrier. Therefore, we could identify that Au contact is a suitable electrode for thermoelectric devices, gas sensors and dye-sensitized solar cells.
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